Rabbit erythrocytes were covalently labeled with biotin and then infused into the donor animial. Up to 60 days after infusion, the biotinylated cells were selectively isolated by their affinity for avidin. These aged erythrocytes, which are within 10 days of death, were analyzed for several biochemical parameters. The 2,3-bisphosphoglycerate and glutathione levels of these cells were constant with age; however, the adenosine 5'-triphosphate concentrations increased approximately 75% as the cells approached the end of their life span. The activities of several glycolytic enzymes did not change with age.
The mechanisms of erythrocyte senescence are poorly understood (1) . Clearly, erythrocytes have a well-defined life span; however, the study of the aging processes in these cells has been hindered by the inability to definitively isolate senescent erythrocytes. A myriad of publications have reported age-related differences in various biochemical parameters of erythrocytes (for a review, see ref. 1). However, the majority of these are based on the separation of cells over density gradients with the underlying assumption that the most dense fractions represent the old cells, an assumption that has been questioned (2, 3) .
Two methods that are independent of the physical separation techniques outlined above have been reported for the isolation of senescent erythroctyes. Allison and Burn (4) transfused blood group 0 erythrocytes into normal blood group A individuals. At subsequent time points, the 0 cells were recovered after agglutination of the host A erythrocytes. Unfortunately, the technique was hindered by technical difficulties. More recently, Ganzoni et al. (5) developed a clever procedure for hypertransfusing rats that allows the isolation of a highly enriched fraction of aged erythrocytes. Although this technique has been utilized by Mueller et al. (6) , it is quite labor intensive and consumes large numbers of experimental animals.
Recently, we described a technique for the isolation of specific subpopulations of rabbit erythrocytes (7) . In this procedure, erythrocytes are biotinylated by reaction with N-hydroxysuccinimidobiotin (NHS-biotin); these cells have a normal survival upon replacement into the rabbit. The biotin label is stable on the erythrocyte membrane and allows the selective recovery of these cells any time before their in vivo death. Recovery is achieved by attachment of the biotinylated cells to avidin on a solid support. In the present report, we utilize this technique to isolate senescent rabbit erythrocytes within 10 days of their normal in vivo death and describe several biochemical parameters of these senescent cells. Preparation of Young Erythrocyte Cohorts. In some experiments, young erythrocyte populations were used for biotinylation and replacement into donor rabbits. The advantage of using a young cohort of cells is that a larger percentage of the cells will still be circulating 50-60 days after replacement and therefore will allow recovery of greater numbers of senescent cells. Two procedures were used to produce young cell populations-phenylhydrazine treatment and repeated phlebotomy. Phenylhydrazine hydrochloride (25 mg) was subcutaneously injected into a rabbit on days 0, 2, and 3. On day 13, 50 ml of blood was collected in heparin for biotinylation. The reticulocyte count for these preparations averaged more than 50% on day 8. For the repeated phlebotomy procedure, 50-60 ml of blood was drawn from the rabbit on day 0, 2, and 4. The sample for biotinylation was taken on day 14. To protect against iron deficiency during repeated phlebotomy, each rabbit received 50 mg of iron-dextran intramuscularly on days -7, -5, -3, 0, 2, and 4.
MATERIALS AND METHODS

NHS
Preparation and Infusion of Biotinylated Erythrocytes.
Rabbit erythrocytes were washed, labeled with ['4C]cyanate, treated with NHS-biotin, and infused into the donor rabbit exactly as described (7) . The average level of biotinylation was approximately 25,000 biotin molecules per erythrocyte.
Avidin-Coated Polystyrene Beads. The avidin-coated polystyrene beads for the recovery of biotinylated erythrocytes were prepared by a modification of the previously published procedure (7) . Polystyrene beads (500 mg) were coated with biotinylated-gelatin and avidin as described (7) animal, blood samples were drawn; erythrocytes were freed of leukocytes (8) and then washed three times with PBS. One milliliter of packed erythrocytes was added to 0.5 g of succinylated-avidin/biotinylated-gelatin-coated polystyrene beads in a 50-ml beaker; the total volume was approximately 2 ml and contained 10 mM glucose. The slurry was mixed gently on a rocking platform at room temperature for 60 min. The avidin-coated beads with bound erythrocytes were then washed four times with PBS by gentle centrifugation at 30 x g for 5 sec. To remove the attached erythrocytes from the avidin-coated beads, 2 mg of collagenase (900 units) in 10 ml of PBS was mixed with the beads and incubated at 370C for 15 min. The mixture was briefly centrifuged at 30 x g for 5 sec, and the supernatant containing the released erythrocytes was collected. This supernatant was centrifuged twice at 30 x g for 5 sec to remove contaminating beads. The released, biotinylated erythrocytes were then washed three times with PBS.
[14C]Cyanate/hemoglobin ratios were determined as detailed (7). Control erythrocytes for each experiment were unfractionated cells from the same rabbit.
Erythrocyte Intermediates. Biotinylated erythrocytes, recovered as detailed above, were lysed in water. The absorbance of an aliquot of this hemolysate was immediately measured at 410 nm for the estimation of hemoglobin. One milliliter of the hemolysate was then mixed with 0.5 ml of ice-cold 20% perchloric acid. After mixing and a brief centrifugation, 1 ml of the supernatant solution was neutralized with 3 M K2CO3 as described (9) . ATP concentrations were determined fluorometrically by the methods of Williamson and Corkey (10) and Beutler (9) . ATP concentrations were calculated from the fluorescence reading before and after the addition of hexokinase; ATP standards were used to calibrate the assay in each experiment. The concentration of 2,3-bisphosphoglycerate was also determined on this perchloric acid extract using the catalytic cycling method of Beutler (9) . ATP levels in perchloric acid extracts were verified by HPLC analysis by the method of McKeag and Brown (11) . The total glutathione concentration of the hemolysate was measured spectrophotometrically by the cycling method of Tietze (12) . The NADPH solution for this assay was freshly prepared, and the concentration was measured spectrophotometrically at 340 nm. Oxidized glutathione (glutathione disulfide; GSSG), which was used as a standard, was quantitated by the standard glutathione (GSH) reductase assay (9) . For the actual glutathione cycling assay, 100 ,l of 1.2 mM 5,5'-dithiobis(2-nitrobenzoic acid), 20 ,ul of glutathione A reductase at 10 units/ml, and the unknown sample or various amounts of glutathione disulfide standard were mixed in a total volume of 0.9 ml. After incubation at 37°C for 10 min, 100 Al of 2 mM NADPH was added, and the reaction was monitored at 412 nm for 10 min.
For the ATP and glutathione determinations, seven rabbits were monitored. Four had been pretreated by repeated phlebotomy, and three were pretreated with phenylhydrazine. The 2,3-bisphosphoglycerate levels were determined over time in three rabbits that were treated with phenylhydrazine.
Erythrocyte Enzyme Levels. Hexokinase, glucose phosphate isomerase, phosphofructokinase, aldolase, phosphoglycerate kinase, pyruvate kinase, lactic dehydrogenase, glucose-6-phosphate dehydrogenase, and 6-phosphogluconate dehydrogenase were measured by the method of Beutler (9) .
[32PJPhosphate Incubations. Biotinylated erythrocytes were recovered 51 days after reinfusion. Approximately 15 ,ul of packed erythrocytes were washed two times in 0.15 M NaCl/10 mM Hepes, pH 7.4, and left in 2 ml of the same buffer. Glucose (5 mM) was added along with 15 pCi of carrier-free [32P]phosphate. The mixture was incubated at 37°C for 15 min and then stopped with 2 ml of 4% perchloric acid; at this point, 50 pl of control erythrocytes was added to act as carrier during the centrifugation of the protein precipitate and subsequent chromatography step. Precipitated protein was spun down, and the perchloric acid supernatant was neutralized as detailed above. The extract was chromatographed as detailed (13) .
RESULTS
Fig
. la shows the general experimental scheme for the biotinylation, infusion, and subsequent recovery of aged rabbit erythrocytes (7), while Fig. lb schematically diagrams the beads used to recover the biotinylated erythrocytes. The polystyrene beads were coated with biotinylated-gelatin and succinylated-avidin; the gelatin anchor is cleavable by collagenase, allowing the eventual recovery of intact erythrocytes from the beads (7).
The selectivity of the recovery procedure is shown in In addition, these data show that the nonspecific adsorption of nonbiotinylated erythrocytes to the avidin recovery beads is minimal because any nonspecific adsorption would dramatically alter the 14C/hemoglobin ratio. Biotinylated erythrocytes were recovered and monitored for the levels of several erythrocyte intermediates and enzyme activities over the latter life span of these cells. The concentrations of ATP, glutathione, and 2,3-bisphosphoglycerate in control and aged cells were measured between 32 and 60 days after infusion of biotinylated cells into a rabbit. The glutathione and 2,3-bisphosphoglycerate levels did not change over the life span of the erythrocytes (Fig. 2) ; however, the ATP concentration gradually increased from day 42 through day 60. At day 60 the ATP level for the recovered cells was 8.34 ± 0.54 ,umol/g of hemoglobin (mean ± 1 SEM; n = 7), whereas the control level was 4.74 ± 0.13 ,umol/g of hemoglobin. This difference was significant at the P < 0.001 level.
The ATP concentrations in Fig. 2 were determined enzymatically with yeast hexokinase; since hexokinase can react with other nucleoside triphosphates (15) , it was necessary to verify the identity of the ATP. Recovered erythrocytes, at day 51, were briefly incubated with [32P]phosphate, followed by perchloric acid precipitation and Dowex-1 chromatography by standard techniques (13) . The chromatographic profiles shown in Fig. 3 demonstrate that the senescent cells do not contain any abnormal triphosphate peaks, supporting the observation that the increased ATP concentration measured enzymatically is in fact adenosine 5'-triphosphate. An unidentified peak, labeled "X," occurs in these chromatograms. Control experiments documented that this peak is a variable contaminant of the commercial [32P]phosphate and is not a metabolic product. In addition, the ATP levels in several of the perchloric acid extracts were also quantitated by high-pressure liquid chromatography (11) . These separate ATP determinations agreed with the enzymatic analyses (data not shown).
A variety of erythrocyte enzymes associated with the glycolytic and hexosemonophosphate pathways were measured in this study. The data presented in Table 2 show that none of these activities changed significantly over the 60-day life span of the rabbit erythrocyte. 
DISCUSSION
This report details several biochemical properties of senescent erythrocytes isolated by a new technique. The isolation method involves the biotinylation of rabbit erythrocytes with NHS-biotin, the infusion of these derivatized cells into donor animals, and their eventual recovery after in vivo aging (7) (Fig. 1) . The advantage of this technique is that it allows the definitive isolation of aged erythrocytes. As detailed in the introduction, the study of erythrocyte senescence has been seriously hampered by the lack of procedures for isolating aged cells; as a result, the field has often been confused by contradictory and questionable data. Therefore, the present technique offers an opportunity to study the properties of in vivo aged erythrocytes free of many of the past criticisms related to the isolation procedure. One point concerning terminology needs to be clarified. In this report, senescent, biotinylated erythrocytes are often referred to as senescent erythrocytes with the assumption that biotinylation has not adversely affected these cells. At this time there is no indication to the contrary; in fact, the normal survival of the biotinylated erythrocytes (7) strongly argues in favor of their normal function. Vacha (16) reported that the life span of erythrocytes in rabbits is approximately 60 days; however, this limit is often not reached by a given cell because of the significant random destruction of erythrocytes (0.5% per day) that occurs in these animals. Our own data with [14C]cyanate-labeled erythrocytes would suggest that the erythrocyte life span may be a little longer at 60-70 days (data not shown). The data presented in Table 1 confirm the utility of this biotinylated erythrocyte technique. This table shows the isolation of 14C-labeled, biotinylated erythrocytes 50-60 days after infusion-i.e., within 0 to 10 (or perhaps 0 to 20) days of cell death. The data are presented as the ratio of ['4C]cyanate to hemoglobin in the recovered cells; this ratio should remain constant during the life span of the erythrocytes. Additionally, any contamination of the isolated cells with nonbiotinylated and non-14C-labeled cells will dramatically alter the 14C/hemoglobin ratio. Therefore, these data not only demonstrate the accuracy of the recovery technique but also substantiate our earlier report that the biotin label on the erythrocyte is stable in vivo (7) .
The current experiments use a procedure for the recovery of biotinylated cells that is slightly modified from our earlier report (7) . Succinylation of the avidin on the solid support was found to dramatically reduce the level of nonspecific adherence of control erythrocytes to the support. Earlier reports had shown that succinylated-avidin decreased the nonspecific background in assays using avidin-enzyme conjugates without significantly affecting the avidin's affinity for biotin (17) . In contrast, we found that the succinylation protocols used previously resulted in an avidin that worked very poorly in this recovery system. However, if the succinylation was performed at neutral pH and at low temperature, the derivatized avidin was still as effective as the native material for binding biotinylated erythrocytes, and the nonspecific binding was nearly eliminated.
Erythrocytes were isolated 30-60 days after infusion and analyzed for several key intermediates and enzymes. It should be mentioned that the population of cells isolated 30 days after biotinylation and infusion represents a wide range of ages-i.e., 30-60 days old. However, the use of young cohorts of erythrocytes does skew this distribution towards the younger age limit. Only at the end of the experiment do the isolated cells represent a relatively narrow range of ages. However, even the 55-day sample will contain cells that are from 55 to 60 days old, and this fairly narrow range of ages may represent a time period of dramatic changes in the aging erythrocyte. Fig. 2 shows the data for three key intermediates in the senescent erythrocytes. As mentioned above, the total glutathione and 2,3-bisphosphoglycerate levels do not change during the aging of these cells. These results are contradictory to earlier reports of declines in both of these metabolites in "aged" human erythrocytes isolated by density gradient centrifugation (18) (19) (20) (21) (22) . These discrepancies may be related to species differences or to the inadequacies of the density gradient separation methods. The current data would suggest that the antioxidant defenses of the senescent erythrocyte are not impaired by a lack of glutathione, nor are the cell's oxygen dissociation characteristics affected by a diminution of 2,3-bisphosphoglycerate levels. biotinylation and infusion. Two of the rabbits analyzed were initially phenylhydrazine-induced; the remainder of the rabbits were untreated before biotinylation. There was no difference in the enzyme values for the aged erythrocytes between the phenylhydrazine and untreated rabbits.
Proc. Natl. Acad Sci. USA 85 (1988) Proc. Natl. Acad. Sci. USA 85 (1988) 1651 Also shown in Fig. 2 are the ATP levels for the senescent erythrocytes. Surprisingly, these levels increase rather dramatically during the latter stages of the cell's life. Again, this is contradictory to the results published previously with density-fractionated human erythrocytes, which showed both lowered (20, 21) and normal values (23, 24) for ATP in aged cells. Of particular concern in the determination of ATP levels is the possible impact of the isolation procedure. However, the erythrocytes were isolated in the presence of glucose to allow them to maintain ATP. In addition, the control levels of ATP shown in Fig. 2 agree with earlier reports (24, 25) .
The increased levels of ATP shown in Fig. 2 are too large to result simply from the conversion of existing ADP or AMP to ATP (25) but rather must represent the net synthesis of adenine nucleotides as the cell ages. The rabbit erythrocyte is similar to the human cell in that it cannot synthesize adenine nucleotides de novo but does have effective salvage pathways that will allow it to use available adenine or adenosine to synthesize these nucleotides (26) . Actually, the rabbit erythrocyte is more flexible than the human cell in that it can also use inosine for the synthesis of adenine nucleotides (27) . It is interesting that a group of disorders exists in humans that is characterized by high ATP levels in erythrocytes. Some of these are caused by high pyruvate kinase levels (28) , while most are of unknown etiology (29, 30) . However, no clear connection has ever been established between the elevated ATP and any disease state. Table 2 presents the activities from control and senescent erythrocytes of nine enzymes related to energy metabolism. No changes are seen in these enzymes with age. As before, these data are in contrast to previous reports of enzyme levels changing with erythrocyte age for density-fractionated cells (21, 31, 32) but do agree with a report by Ganzoni et al. (33) , where very modest decreases in pyruvate kinase and glucose-6-phosphate dehydrogenase were found in aging rat erythrocytes. Our results are in agreement with the proposal of Beutler (3) that, after reticulocyte maturation, the decline in erythrocyte enzyme levels with age is very gradual-in this case, not detectable.
One goal of this project has been to find an enzyme level that is a true indicator of erythrocyte age. So far this aim has not been achieved, although the increased level of adenine nucleotides suggests a key area for investigation. These data are, however, a step towards a definitive assessment of the various metabolic capabilities of senescent erythrocytes from rabbits and may help to define the factors involved with the death of these cells. This is publication number 4972BCR from the Research Institute of Scripps Clinic and was supported by Grants DK 35220 and HL 25552 from the National Institutes of Health.
